To mitigate CH 4 emission from paddy fields, accelerating the decomposition of the incorporated rice straw during the fallow season would be a practical strategy. Various ways to accelerate the straw decomposition rate have been proposed, but their effectiveness in cold regions has not been confirmed. In this study, the use of shallow autumn tillage to incorporate straw in the soil and its potential to mitigate CH 4 emission during the following rice growing season were evaluated in an Andisol paddy field in Morioka, a cold region in Japan. A japonica rice cultivar, 'Akitakomachi', was planted and grown from 2012 to 2014 under consistent conditions, but with two autumn tillage and straw incorporation treatments: conventional 15 cm and shallow 7 cm . CH 4 fluxes from the plots were measured using a closed-chamber method throughout the 3 years. Overall, CH 4 emission did not differ between the conventional and shallow tillage plots in this study. However, CH 4 emission differed greatly among the years, especially during early rice growth stages, and the differences were related to the temperatures but not the soil moisture content during the previous fallow season. Simulation of water contents during the fallow period suggested that the percolation rate was sufficiently high to create more aerobic soil conditions during the fallow season in both the conventional and the shallow autumn tillage treatments. These results suggest that the soil water was neither so high nor so low that it retarded rice straw decomposition in the fallow season. The results suggest that shallow autumn tillage will not necessarily reduce CH 4 emission during the following growing season in an Andisol rice paddy in a cold region in Japan.
Introduction
After carbon dioxide CO 2 , methane CH 4 is the most important greenhouse gas, and it is responsible for approximately 20 of the anthropogenic global warming effect. Agriculture is a major source of CH 4 emission, contributing about 47 of total anthropogenic emissions. With respect to CH 4 , rice Oryza sativa L. production is the second-largest agricultural emission source, after enteric fermentation by livestock Fumoto et al., 2013 . Most CH 4 emission from submerged rice paddies is by plant-mediated transport through the straw Nouchi et al., 1999 , but rice straw incorporated in the soil of paddies is an important source of CH 4 emission when aerobic decomposition is impeded. During the early stages of the rice growing period, 80 of total CH 4 emitted from the rice paddy field is derived from the rice straw's carbon, but the contribution of rice straw carbon decreased over time, reaching 20 of the total emitted CH 4 at 60 days after transplanting Watanabe et al., 1999 . Many previous studies showed that CH 4 emission increased when rice straw was incorporated into a paddy soil Schütz et al., 1989; Yagi and Minami, 1990; Sass et al., 1991; Naser et al., 2007; Eusufzai et al., 2011; Alberto et al., 2015 . Not only the amount, but also the timing and form of the incorporated straw greatly affect CH 4 emission. For example, many researchers reported that direct straw incorporation without composting could cause large CH 4 emission in the following summer Yagi and Minami, 1990; Wassmann et al., 2000 , as was the case for spring incorporation of straw just before rice transplantation Inubushi et al., 1994; Yagi et al., 1997; Wassmann et al., 2000; Goto et al., 2004; Zhang et al., 2013 . These results suggest that CH 4 emission during the current rice growing season could be decreased by promoting aerobic straw decomposition during the previous fallow season. However, in recent decades, plant residues have commonly been scattered on the soil surface during harvesting with a combine harvester rather than being composted. Although composting of the straw before use could mitigate the CH 4 problem, this would be expensive and labor-intensive. Thus, in a single-cropping system, which is commonly used in cold areas such as the Tohoku region of northern Japan, the residues often experience aerobic decomposition at the soil surface or inside the near-surface layer during the winter fallow season. Less-expensive and easier ways to accelerate the decomposition of surface or soil-incorporated straw during the fallow season are needed.
To increase the decomposition of rice straw during the fallow season, researchers have evaluated many strategies, such as adding a decomposition accelerator during straw incorporation Goto et al., 2004; Minamikawa et al., 2005; Han and He, 2010; Zhang et al., 2013 , drying the field naturally or by means of artificial drainage Cai et al., 2003; Shiratori et al., 2007; Xu and Hosen, 2010; Sander et al., 2014 , and no-tillage rice cultivation Hanaki et al., 2002 . As a potential new strategy, shallow-soil incorporation of organic matter in the autumn after harvesting has been proposed. Matsumoto et al. 2002 compared the CH 4 flux from paddies in which cow manure was incorporated in autumn at shallow and conventional depths 3 and 15 cm, respectively . They found that shallow incorporation of cow manure in autumn decreased the CH 4 flux during most of the following growing season and that the cumulative CH 4 emission during the growing period in the shallow tillage plot was about 70 of that in the conventional management. They concluded that shallow incorporation of organic matter into the soil in autumn accelerated aerobic decomposition. Though they did not discuss a mechanism for the accelerated degradation of the organic matter, it is reasonable to hypothesize that the tillage depth affected the soil's water conditions e.g., by improving drainage of the surface layer , which critically determine the amount of oxygen available to support aerobic decomposition. Doberman and Fairhurst 2002 also mentioned the advantages of early and dry shallow tillage 5 to 10 cm in depth for mitigation of CH 4 emission. They proposed that the advantages resulted from enhanced soil aeration, which accelerated aerobic decomposition of the incorporated rice straw. This option for CH 4 mitigation is attractive because it requires little additional cost to adopt and it may have great advantages if the mechanisms, effects, and range of applicable field conditions can be understood.
Tohoku is a relatively cold region of Japan, with a mean annual temperature of about 10 C and mean monthly temperatures ranging from -1 C in January to 23 C in August. This region contains 25 of the area of Japanese rice paddies and yields 28 of Japan's domestic rice production MAFF, 2015 . Hayano et al. 2013 estimated national-scale CH 4 emission in Japan and showed that 54 of domestic CH 4 emission from rice paddies more than double the amount that would be expected on an area basis was emitted in Tohoku region. They concluded that the characteristic climate and soils in Tohoku region should be a cause of this high CH 4 emission rate. The relatively low temperature during the fallow season may decrease the rate of aerobic decomposition of rice straw. The higher quantity of the undecomposed organic matter at the start of the following rice growing season would then increase CH 4 emission. However, there have been no studies of the relationships between field conditions such as soil moisture content and temperatures during the fallow season and CH 4 emission in the following rice growing season at a field scale.
Thus, the present study had two goals: to identify the relationships between the field conditions during the fallow season and CH 4 emission in the following summer, and to evaluate the effect of shallow tillage in autumn for mitigation of CH 4 emission.
Materials and Methods

Study site and rice cultivation
A field experiment was performed in a well-drained paddy field at the Agricultural Research Center for Tohoku Region of the National Agricultural Research Organization TARC/NARO in Morioka, Japan 39°74′N, 141°13′E). The soil is an Andisol with a silty clay loam texture according to the International Union of Soil Science classification and had a high soil organic carbon content. Table 1 summarizes the soil's properties. The water infiltration rate in the experimental field was high enough for 50 mm of water to drain daily under flooded conditions. Two different autumn tillage depths were compared: shallow 7 cm and conventional 15 cm . Each treatment had three replicates, using 13.2 m 2 plots 4.4 m 3 m .
The experiment was conducted from 2012 to 2014. Table 2 summarizes the dates of the primary treatments in each of the 3 years of the study. After drainage of the field and harvesting of the grain, all the test plots in each treatment were tilled to the specified depth using a rotary tiller in October. During this autumn tillage, 580 g m 2 air-dried basis of shredded rice straw cut to 5 cm in length was incorporated into the soil in both treatments. The total organic carbon in the incorporated rice straw with a row width of 30 cm and an intra-row spacing of 17.5 cm .
Flooding was maintained until early to mid-September, without a mid-season drainage. After about 140 days of growth, the rice grain was harvested in early October, and all of the straw was removed from the test plots. The straw was then cut into 5-cm lengths and stored in a screen house until it could be scattered on the soil surface just before the next autumn tillage.
Measurement of CH 4 fluxes
In all 3 years, the CH 4 fluxes from the paddy fields were measured using a closed-chamber method Yagi et al., 1991 . The measurement frequency was monthly during the fallow season and weekly or biweekly during the rice growing season. On each sampling day, gas in an acrylic plastic chamber 60 or 120 cm high, with a basal area of 60 cm 35 cm was sampled with a plastic syringe at 0, 10, and 20 minutes after installation of the chamber. Sampling was carried out between 09 : 00 and 12 : 00 throughout the experimental period. The chamber was installed carefully to avoid soil disturbance and gas leakage in both the rice growing season and the fallow season. Air temperature inside the chamber was measured using a digital thermometer attached to the inner wall. The sampled gas was injected into 20-mL glass vacuum vials and brought back to the laboratory for analysis. The concentration of CH 4 in the vials was analyzed using a gas chromatograph equipped with a flame ionization detector GC-8A, Shimadzu Corporation, Kyoto, Japan . The efflux rate of CH 4 E; mg C m 2 h 1 of CH 4 was calculated based on the concentration increase during the sampling time, as follows:
where C / t is the change in the concentration of CH 4 m 3 m 3 h 1 in the chamber during a given period h ; M c is the molar mass of carbon 12.0 10 3 mg mol 1 ; P is standard atmospheric pressure 101.325 kPa , V is the chamber volume m 3 ; R is the universal gas constant 8.314 m 3 Pa K 1 mol 1 ; T is the absolute temperature in the chamber K ; and A is the cross-sectional area of the chamber bottom m 2 . Flux calculations were based on the assumption of a constant flux during the sampling time. The cumulative emission during a specific period was calculated based on the assumption of a linear change in the CH 4 flux between sampling dates.
Calculation of soil water content
To evaluate the effects of soil water content on the decomposition of rice straw, the change in the degree of saturation S, the volumetric ratio of water-saturated pore space to total pore space in the soil after the field drainage was calculated using version 4.16.0090 of the HYDRUS-1D software Simunek et al., 2008 . This simulation is based on Richard's equation, and accounts for water flow, vapor flow, snow hydrology, and heat transport. Root water uptake was not considered because no plants were present during the fallow season. Daily meteorological parameters such as air temperature, humidity, rainfall, wind speed, and daylight hours were monitored at the TARC / NARO weather station near the test plots. Based on the meteorological data, potential evaporation was calculated using the Penman-Monteith equation Monteith, 1981 . The van Genuchten-Mualem formula van Genuchten, 1980 , with an air-entry value of -2 cm, was applied to determine the soil hydraulic properties. The volumetric water content θ at a given hydraulic head h , θ h , was calculated as follows:
where θ r and θ s are the residual and saturated water contents dimensionless , respectively. h s is the air-entry value -2 cm , and α cm 1 , m dimensionless , and n dimensionless are empirically derived parameters. Hydraulic conductivity, K S r , was calculated as follows:
where Ks is the saturated hydraulic conductivity cm day 1 ; S r is the relative saturation, which is calculated as r =
; and L is an empirically derived pore tortuosity and connectivity parameter dimensionless . Soil parameters in the model equations, except for the air-entry value and L set to a uniform value of 0.5 , were estimated by using Rosetta Lite Schaap et al., 2001 , a neutral-network-based function coupled with HYDRUS-1D, using the measured particle size distribution and dry bulk density of the soil in the test plots Table 1 . The boundary condition at the bottom of the soil profile was set to free drainage at a depth of 100 cm. The thermal conductivity of the soil was calculated with a function proposed by Chung and Horton 1987 . In the simulation, the simulated soil profile with a depth of 100 cm was divided into three or four layers with different hydraulic parameters based on the different tillage and puddling histories. In the paddy field, a plow pan develops as a result of repeated tillage and puddling. This layer with low hydraulic conductivity remains in the soil profile until the following tillage. Thus, four layers with different hydraulic parameters were defined in the simulated soil profile during the period from the removal of ponding water to the autumn tillage: tilled, plow pan, not-tilled, and deep subsoil. For the period after the autumn tillage, the soil profile was divided into three layers: tilled, nottilled, and deep subsoil. The deep subsoil layer was assumed to have a higher dry bulk density than the upper layers because of the soil compaction created by machine and human traffic. To estimate the parameters using Rosetta Lite, an assumed value of 2.0 Mg m 3 was used for the dry bulk density of the plow pan layer rather than using a measured value. 
Statistical analysis
Results and Discussion
3.1 Changes in CH 4 flux during the study period Figure 1 shows the changes in CH 4 fluxes from the test plots and in daily air temperature during the study period. In all 3 years, CH 4 flux decreased to zero during the winter fallow season, whereas some previous studies reported that poorly drained fields showed positive CH 4 fluxes even during the fallow season Xu and Hosen, 2010; Sander et al., 2014 . In this study, CH 4 was not emitted in the winter fallow season due to the high water permeability in the experimental field an infiltration rate of 50 mm day 1 under flooded conditions . The CH 4 flux started to appear after ponding of the surface water, increased with plant growth, and reached a peak from July to August. After drainage in the early autumn, the CH 4 flux decreased immediately. In the conventional tillage treatment, the maximum flux reached 13.24, 11.96, and 7.91 mg C m 2 h 1 in 2012, 2013, and 2014, respectively, whereas the shallow tillage treatment produced maximum values of 11.76, 10.73, and 10.03 mg C m 2 h 1 Fig. 1a, b , c .
The values in both tillage treatments are lower than those in previous studies in Japan, which used soils other than the Andisol of the present study Yagi and Minami, 1990; Hosono and Nouchi, 1996; Matsumoto et al., 2002; Goto et al., 2004; Minamikawa et al., 2005; Shiratori et al., 2007 . The lower CH 4 efflux could be due to specific properties of the Andisols, such as their high water permeability Yagi and Minami, 1990; Hayano et al., 2013 . On each sampling day during the 3-year experiment, there was no significant difference in CH 4 flux between the two tillage treatments p > 0.05 .
Effect of shallow tillage on CH 4 emission
Based on the results of Watanabe et al. 1999 , it is reasonable to hypothesize that the effects of the carbon derived from rice straw on CH 4 emission would be clearer during the first 60 days of the rice growing season, before the contribution of organic matter produced by the new plants became significant. According to this assumption, the cumulative CH 4 emission during the first 60 days after transplanting DAT was calculated and compared with the emission throughout the rice growing season Fig. 2 . The CH 4 emission during the first 60 DAT Fig. 2b accounted for 20 to 50 of the total for the growing season Fig. 2a . The cumulative CH 4 emission from the test plots differed significantly among years p = 0.006 but not between the depths of autumn tillage for both the total CH 4 emission p = 0.94 and CH 4 emission during the first 60 DAT p = 0.82 . Previous studies showed that the aerenchyma of rice plants acts as a main route of CH 4 emission from a paddy soil into the atmosphere Cicerone and Shetter, 1981; Nouchi et al., 1999 . In addition, plant growth and aerenchyma development have both been reported to affect the CH 4 emission rate from a paddy field Watanabe et al., 1994 . Grain yield is one of the plant growth parameters that is strongly positively correlated with CH 4 flux from the field Singh et al., 1998 . In the present study, the grain yield from the test plots data not shown differed significantly among the years p < 0.001 , but not between the tillage treatments p = 0.59 . In addition, there was a weak and non-significant positive correlation between grain yield and CH 4 emission in the conventional tillage treatment R 2 = 0.46, p = 0.14 . Thus, it is possible that differences in plant growth were responsible for differences in the CH 4 emission between years. However, the coefficient of variation for the difference between years was higher for CH 4 emission during the first 60 DAT 0.47 than for the total CH 4 emission 0.26 . This result indicates the existence of the other factors besides plant growth that differed between years and that should affect CH 4 emission from the paddy field, especially during the early growing season.
Effect of temperature on CH 4 emission
Higher temperatures during the growing season can increase CH 4 emission by promoting both the activity of methanogens and plant growth Schütz et al., 1989; Hosono and Nouchi, 1997 . To clarify the effect of temperature on CH 4 emission, the cumulative soil temperatures during the first 60 DAT were used as representative values for the rice growing season. Figure 3a shows a weak and non-significant relationship R 2 = 0.20, p = 0.37 between cumulative CH 4 emission during the first 60 DAT as a function of the cumulative soil temperature during the same period, despite a relatively large difference between years in the cumulative temperature. This result contradicts previous research Schütz et al., 1989; Hosono and Nouchi, 1996 that suggested a relationship between daily soil temperature and the CH 4 flux in a gas sampling day during the growing season. Compared with the values in these previous studies 5 to 80 mg C m 2 h 1 , CH 4 flux observed in this study was much lower. In addition, Schütz et al. 1989 found two or more clear peaks in CH 4 flux during a single growing season without a mid-season drainage; in the present study, only one peak was visible in all 3 years Fig. 1 . They concluded that these peaks reflected the availability of substrates for methanogens: the first peak, during the vegetative growth period of rice, was caused by organic matter incorporated before the flooding, and the second or third peaks during the rice reproductive stage were due to plant-derived carbon such as root exudates or decayed tissues. They also found no correlation between CH 4 emission rates and soil temperature during a period when substrates for microorganisms were deficient in the soil. Combining these findings suggests that other factors than temperature limited methanogenesis during the early half of the growing period in this experiment, possibly including a deficiency of substrates derived from the incorporated organic matter.
Temperature and moisture are the two most important factors that affect the decomposition rate of rice straw in the soil Sain and Broadbent, 1977; Devêvre and Horwáth, 2000; Nakajima et al., 2016 . To evaluate the effect of temperature during the fallow season on the straw decomposition rate and thus on CH 4 emission during the following growing season, the cumulative air temperature after the incorporation of rice straw in the soil was calculated. Though the actual soil temperature in the test plot was measured, the large size of the soil clods produced by the autumn tillage prevented accurate measurements. To avoid the effects of the resulting measurement errors on the results and to clarify the overall trends, air temperature was used instead of soil temperature in the subsequent analysis of CH 4 emission during the fallow season.
Previous research showed that the decomposition of easily mineralizable carbon in rice straw proceeds quickly during the first few months after its incorporation into the soil Sain and Broadbent, 1977 . Similarly, Nakajima et al. 2016 showed that 39 to 63 of the organic matter mixed into an Andisol decomposed during the first 6 weeks of a 24-week incubation experiment. Based on these results, cumulative temperatures during the first 40 days after rice straw incorporation into the soil DAI were used as representative temperatures during the fallow season that might affect the decomposition rate of the incorporated rice straw. Figure 3b shows a strong and statistically significant negative relationship R 2 = 0.93, p < 0.01 between cumulative CH 4 emission during the first 60 DAT and the cumulative air temperature during the first 40 DAI during the previous fallow season. This suggests that temperature conditions during aerobic decomposition of the rice straw were an important factor that affected the degree of straw decomposition i.e., that affected the amount of straw remaining at the end of the fallow season and thus the CH 4 emission during the early period of the following growing season. This result also shows that high temperatures during the period just after the incorporation of rice straw into the soil could decrease early emission of CH 4 . Figure 4 shows the simulated changes in soil S at a depth of 5 cm after drainage in the conventional tillage plot Fig. 4a and the shallow tillage plot Fig. 4b . Autumn tillage was performed on day 0 in each year and occurred 30 to 50 days after field drainage in all years Table 2 . Immediately after removal of the surface water, S decreased sharply in both tillage plots, decreasing from a value between 0.8 and 0.9 to a value between 0.4 and 0.6 within 5 days, although there was fluctuation as a result of rainfall during the simulation period. S stabilized at values of 0.4 to 0.6 by the day of the autumn tillage. Because rice straw was removed from the field before the autumn tillage, the water content of the soil was relatively low when the rice straw was incorporated. There was no obvious difference in S between the shallow and conventional tillage plots even after the autumn tillage Fig. 4 ; the maximum differences in S values between the two tillage depths around the time of the autumn tillage were 0.001. Figure 5 shows the relationship between cumulative CH 4 emission during the first 60 DAT and mean S for the first 40 DAI in the previous year. There was no significant relationship R 2 = 0.26, p = 0.30 . This result implies that the soil water regime has little effect on rice straw decomposition in the autumn and thus Previous studies investigated the optimal soil water conditions to increase the aerobic decomposition of incorporated rice straw. performed an incubation experiment and found that 60 water holding capacity WHC decomposition of the incorporated straw increased compared to decomposition at WHC of 30 and 150 . They deduced that the microbial activities that affect the rate of decomposition of organic matter under conditions with too-low 30 WHC and too-high 150 WHC soil water content would be suppressed because of shortages of water and oxygen, respectively. Xu and Hosen 2010 showed that WHC of 38 to 59 in the fallow season was optimal to decrease CH 4 emission in the next rice growing season through a pot experiment. They proposed that the water regime in the fallow season affects the soil's oxidation capacity and this, in turn, affects the decomposition rate of organic matter during the fallow season and the CH 4 emission in the following rice growing season. WHC values in these studies were equivalent to S expressed as a percentage in the present study. Compared with these results, the soil water conditions in the fallow season during the present study 40 to 60 WHC seemed to be almost optimal for the decomposition of organic matter. This suggests that there was no inhibition of aerobic decomposition of the incorporated straw by excess or insufficient soil water in either tillage treatment.
Estimation of water regime changes during the fallow season
The higher water permeability in the experimental field could explain the inability of the shallow autumn tillage to mitigate CH 4 emission. If the shallow autumn tillage decreases CH 4 emission during the next rice growing season by decreasing the soil water content in the layer where the straw is incorporated and improves aerobic decomposition of the incorporated rice straw, the effectiveness of this practice should depend on the soil water regime in the field during the fallow season. That is, shallow tillage would only mitigate CH 4 emission in a field where excess water would slow straw decomposition during the fallow season.
Conclusions
A continuous 3-year field experiment was performed in a paddy field in a cold region of Japan to determine the effects of the depth of autumn tillage to incorporate rice straw into the soil on CH 4 emission in the following growing season. The soil of the experimental field was an Andisol with high permeability. During the study period, shallow autumn tillage had no significant effect on CH 4 emission during the following growing season. Cumulative CH 4 emission during the first 60 DAT, which is likely to be affected primarily by the organic matter incorporated in the soil during the previous autumn, depended strongly and significantly on the cumulative air temperature during the 40 DAI in the previous year. On the other hand, the simulated soil water content during the 40 DAI was not correlated with the cumulative CH 4 emission during the first 60 DAT in the following rice growth period. Simulation of soil water content in the experimental field using the HYDRUS-1D model indicated that the soil water content was relatively low when the rice straw was incorporated into the soil; thus, it is unlikely that aerobic decomposition of the straw was inhibited by excess soil water in any year. The present results suggest that shallow autumn tillage to mitigate CH 4 emission during the rice growing season would only be effective if too much soil water was present to allow rapid decomposition and shallow tillage increased aerobic decomposition. This suggests that the ability of this practice to mitigate CH 4 emission from rice paddy fields will depend on the field moisture conditions in the previous fallow season.
